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ABSTRACT We have identified a member of the VEGF 
family by computer-based homology searching and have des- 
ignated it VEGF-D. VEGF-D is most closely related to VEGF-C 
by virtue of the presence of N- and C-terminal extensions that 
are not found in other VEGF family members. In adult human 
tissues, VEGF-D mRNA is most abundant in heart, lung, 
skeletal muscle, colon, and small intestine. Analyses of 
VEGF-D receptor specificity revealed that VEGF-D is a ligand 
for both VEGF receptors (VEGFRs) VEGFR-2 (Flkl) and 
VEGFR-3 (Flt4) and can activate these receptors. However, 
VEGF-D does not bind to VEGFR-1. Expression of a truncated 
derivative of VEGF-D demonstrated that the receptor-binding 
capacities reside in the portion of the molecule that is most 
closely related in primary structure to other VEGF family 
members and that corresponds to the mature form of 
VEGF-C. In addition, VEGF-D is a mitogen for endothelial 
cells. The structural and functional similarities between 
VEGF-D and VEGF-C define a subfamily of the VEGFs. 

The formation of blood vessels occurs either by the in situ 
differentiation of endothelial cell precursors (angioblasts) and 
association of these cells to form primitive vessels, a process called 
vasculogenesis, or by growth of preexisting vessels, a process called 
angiogenesis (for review, see ref. 1). Vasculogenesis establishes the 
primary vascular plexus of the early embryo, whereas development 
of blood vessels during later embryogenesis and adult life occurs 
primarily by angiogenesis. Angiogenesis in the adult is tightly 
controlled; under normal circumstances it occurs almost exclu- 
sively in the female reproductive system (2). However, angiogen- 
esis can be activated in the adult in response to tissue damage and 
is important in certain pathological conditions such as tumorigen- 
esis, rheumatoid arthritis, and diabetic retinopathy (2). Once blood 
vessels have been established, endothelial cells undergo tissue- 
specific changes to generate numerous types of functionally dis- 
tinct vessels as organs differentiate (3). These processes require 
that endothelial cells respond to a variety of extracellular signals 
that activate receptors responsible for growth and differentiation. 

VEGF is a homodimeric glycoprotein that is mitogenic for 
endothelial cells and is an angiogenic factor that acts via the 
endothelial -specific receptor tyrosine kinases (VEGF recep- 
tors, VEGFRs) VEGFR-1 (Fltl) and VEGFR-2 (Flkl) (for 
review, see ref. 4). Development of blood vessels in the embryo 
is dependent on VEGF as the formation of vessels in mouse 
embryos heterozygous for a disrupted VEGF gene was aber- 
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rant and resulted in embryonic lethality (5, 6). VEGF is also 
a potent inducer of vascular permeability (7). 

Numerous proteins closely related in primary structure to 
VEGF have been reported in recent years that may also play 
roles in vascular biology. Placenta growth factor (P1GF) is 
approximately 46%, identical in amino acid sequence to VEGF 
(8), binds to VEGFR-1 (9), and can form heterodimers with 
VEGF (10). Although the biological function of P1GF is 
unknown, it can significantly potentiate the action of low 
concentrations of VEGF in vitro and in vivo (9). VEGF-B, 
which is approximately 43% identical in amino acid sequence 
to VEGF, is mitogenic for endothelial cells, can form het- 
erodimers with VEGF, and maybe involved in angiogenesis in 
muscle and heart (11). As yet, the receptors for VEGF-B are 
uncharacterized. Another member of the VEGF family, 
VEGF-C, was isolated as a ligand for the tyrosine kinase 
VEGFR-3 (FH4) (12), a receptor that is expressed in endo- 
thelial cell precursors in day 8.5 mouse embryos and later in 
development is expressed in venous and lymphatic endothe- 
lium (13). The pattern of VEGF-C gene expression in mouse 
embryos suggests that VEGF-C may regulate angiogenesis of 
the lymphatic vasculature (14). VEGF-C is also a ligand for 
VEGFR-2 (12), but the functional significance of this potential 
interaction in vivo is unknown. The amino acid sequence of 
VEGF-C has a central region that is related to other members 
of the VEGF family and exhibits approximately 30% identity 
to VEGF. In addition, the VEGF-C sequence has N-terminal 
and C-terminal extensions that are not present in VEGF, 
P1GF, or VEGF-B (12, 15). The biosynthesis of VEGF-C 
involves proteolytic processing that gives rise to a mature 
secreted protein that essentially consists of the VEGF homol- 
ogy domain (16), i.e., the portion of the molecule that is related 
in primary structure to all other members of the VEGF family 
and that contains the cystine knot motif that is found in VEGF 
family members and in other growth factors (17). 

We report herein the characterization of a human cDNA for a 
fifth member of the VEGF family, designated VEGF-D, that is 
most closely related to VEGF-C in primary structure. The mouse 
homologue of VEGF-D was recently designated as the c-fos- 
induced growth factor (18). We show that VEGF-D binds to and 
induces tyrosine phosphorylation of the endothelial cell receptors 
VEGFR-2 and VEGFR-3 and that, as for VEGF-C, the capacity 
of VEGF-D to bind to these receptors is associated with the VEGF 
homology domain. In addition, VEGF-D is mitogenic for endo- 



This paper was submitted directly (Track II) to the Proceedings office. 
Abbreviations: BAE, bovine aortic endothelial cell; EpoR, erythro- 
poietin receptor; EST, expressed sequence tag; IL-3, interleukin 3; 
P1GF, placenta growth factor; VEGF, vascular endothelial growth 
factor; VEGFR, VEGF receptor. 

Data deposition: The sequence reported in this paper has been 
deposited in the GenBank database (accession no. AJ000185). 
tTowhom reprint requests should be addressed, e-mail: Marc.achen@ 
ludwig.edu.au. 



548 



Cell Biology: Achen et al 



Proc. Natl. Acad. Sci. USA 95 (1998) 



549 



thelial cells. Our results demonstrate the existence of a subfamily 
of the VEGFs that has VEGF-C and VEGF-D as founding 
members. 

MATERIALS AND METHODS 

Cloning of cDNA for VEGF-D. Computer searches for 
VEGF-related sequences were carried out by using the fasta 
search algorithm (19). The expressed sequence tag (EST) 
encoding the C-terminal region of VEGF-D (GenBank acces- 
sion no. H24828) had been isolated by the Integrated Molec- 
ular Analysis of Genome Expression Consortium as part of the 
Washington University-Merck EST Project (20). The EST was 
obtained from the American Type Culture Collection and was 
used as hybridization probe for isolation of cDNA from a 
human lung cDNA library (Stratagene). 

Northern Blot Analysis. A 1.1-kb fragment of the human 
VEGF-D cDNA, containing the region encoding amino acid 
residues 168-354 (Fig. 1) and approximately 500 nt of the 3' 
untranslated region, was used to screen human multiple-tissue 
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Fig. 1. Comparison of human VEGF-D with other members of the 
VEGF family. Alignment of the deduced amino acid sequences of 
human VEGF-D, mouse VEGF-D (18), human VEGF-C (15), human 
VEGF165 (21), human VEGF-Bi 6 7 (11), and human P1GF-2 (22) is 
shown. Residues that match the sequence of human VEGF-D are 
boxed. The asterisks above the hVEGF-D sequence denote the eight 
cysteine residues that are conserved in all VEGF family members. 
Arrows denote positions of proteolytic cleavage that give rise to 
mature VEGF-C (16). The line above the h VEGF-D sequence denotes 
a putative signal sequence for protein secretion (23). Potential re- 
linked glycosylation sites in human VEGF-D are marked by brackets 
above the sequence. Solid circles above the h VEGF-D sequence 
denote cysteine residues involved in motifs that resemble those of 
Balbiani ring 3 protein (CXiqCXCXC) (24). 



Northern blots (CLONTECH) according, to manufacturer's in- 
structions. 

Expression of VEGF-D AN AC in COS Cells and Purification 
by Affinity Chromatography. A DNA fragment encoding the 
portion of the human VEGF-D polypeptide from residues 93 
to 201 was inserted into the expression vector pEFBOSSFLAG 
immediately downstream from DNA sequence encoding the 
interleukin 3 (IL-3) signal sequence (25) and the FLAG 
octapeptide (IBI/Kodak), so that protein synthesis would give 
rise to a truncated secreted VEGF-D polypeptide that was 
tagged with the FLAG octapeptide at its N terminus. This 
protein was designated VEGF-DANAC. VEGF-DANAC was 
expressed in COS cells that had been transiently transfected by 
the DEAE-dextran method (26). The resulting conditioned 
cell culture medium (approximately 150 ml), collected after 7 
days of incubation, was subjected to affinity chromatography 
using a resin to which the M2 (anti-FLAG) mAb (IBI/Kodak) 
had been coupled according to the manufacturer. An identical 
affinity purification was carried out in parallel by using con- 
ditioned culture medium from cells that had been transfected 
with pEFBOSSFLAG (i.e., without VEGF-D coding se- 
quences) to generate negative control samples for bioassays. 
VEGF-DANAC arising from affinity chromatography was 
analyzed by Western blot analysis using mAb M2 (IBI/Kodak) 
or control antibody as described by the manufacturer. 

Bioassay to Monitor Binding of Ligands to the Extracellular 
Domain of VEGFR-2. A derivative of the pre-B cell line Ba/F3 
(27), expressing a chimeric receptor consisting of the extra- 
cellular domain of mouse VEGFR-2 and the transmembrane 
and cytoplasmic domains of the mouse erythropoietin receptor 
(EpoR) (28), was generated and designated Ba/F3-VEGFR- 
2-EpoR (S.A.S., unpublished results). The Ba /F3-VEGFR-2- 
EpoR cells were washed three times in PBS to remove all IL-3, 
resuspended in cell culture medium without IL-3, and distrib- 
uted into 96-well microtiter plates at a concentration of 10,000 
cells per well. Fractions arising from affinity purification of 
VEGF-DANAC were then diluted into the cell culture me- 
dium. Cells expressing a chimeric receptor, consisting of the 
extracellular domain of the mouse endothelial cell receptor 
Tie2 (29) and the transmembrane and cytoplasmic domains of 
mouse EpoR (S.A.S. and A.S. Runting, unpublished results), 
were used as a nonresponding control cell line. Cells were 
incubated for 48 h, during which the cells in the cell culture 
medium alone had died, and DNA synthesis occurring in the 
other wells (i.e., in the presence of VEGF-DANAC) was 
determined by addition of 1 /u,Ci of [ 3 H]thymidine and quan- 
titating incorporation over a 4-h period by j3-counting. 

Expression of Proteins in Baculovirus and Analysis of Receptor 
Stimulation. Derivatives of human VEGF-D and VEGF-C 
cDNA were cloned into the baculoviral vector pFASTBACl 
(GIBCO/BRL) for generation of viral stocks. The supernatants 
of High Five cells (Invitrogen) were harvested 48 h after infection 
with virus stocks, adjusted to pH 7 with NaOH, diluted with 1 vol 
of DMEM containing 0.2% fetal calf serum and used to stimulate 
NIH 3T3 cells expressing human VEGFR-3 (30) or porcine aortic 
endothelial cells expressing human VEGFR-2 (31). Stimulation 
of cells and analysis of phosphorylated receptors were carried out 
as described (12). 

Binding Assays with Soluble VEGFR Extracellular Do- 
mains. For binding experiments, 293T cells were transfected 
with plasmids encoding the soluble receptor-Ig fusion proteins 
VEGFR- 1-Ig (E. Korpelainen, Haartman Institute, Helsinki), 
VEGFR-2-Ig (Y. Gunji, Haartman Institute, Helsinki), or 
VEGFR-3-Ig (K. Pajusola, Biotechnology Institute, Helsinki) 
by using the calcium phosphate method. The cells were 
incubated for 24 h after transfection, washed with DMEM 
containing 0.2% BSA, and starved for 24 h. Medium was then 
collected and clarified by centrifugation, and fusion proteins 
were precipitated by using protein A-Sepharose beads. The 
Sepharose beads were then incubated at room temperature for 
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3 h with .900 p\ of metabolically 35 S-labeled medium from 
293EBNA cells that had been transfected with expression 
plasmids encoding human VEGF-DANAC, human VEGF- 
CANAC, or human VEGF165 by using the calcium phosphate 
method. Metabolic labeling of 293EBNA cells had been 
carried out essentially as described (16). The Sepharose beads 
were then washed twice with binding buffer [0.5% BS A/0.02% 
Tween 20/heparin (1 /ig/ml) in PBS] at 4°C, once with PBS 
and boiled in Laemmli sample buffer, arid proteins were then 
analyzed by SDS/PAGE. 

Mitogenesis Assays with Endothelial Cells. Mitogenesis 
assays with bovine aortic endothelial cells (BAEs) were carried 
out as described (32). 

RESULTS 

Cloning and Characterization of cDNA for Human VEGF-D. 

To identify additional members of the VEGF family, computer 
searches of the EMBL, GenBank, and dbEST databases were 
carried out with the amino acid sequences of VEGF, VEGF-B, 
and VEGF-C. A 419-bp cDNA sequence was identified that 
encodes a polypeptide that was similar in amino acid sequence to 
the C-terminal 100 residues of VEGF-C (12, 15). This cDNA was 
used to isolate human lung cDNA that contained the entire ORF 
for a polypeptide of 354 amino acids. The polypeptide was clearly 
a member of the VEGF family because it contained the charac- 
teristic cystine knot motif and other conserved amino acids found 
within the VEGF homology domain. We designated this human 
protein as VEGF-D. Recently, a mouse protein designated the 
c-/os-induced growth factor was reported (18) that was 85% 
identical in amino acid sequence to human VEGF-D. It is highly 
likely that c-/as-induced growth factor is the mouse homologue of 
VEGF-D. 

Alignment of the deduced amino acid sequence of human 
VEGF-D with those for other members of the VEGF family 
is shown in Fig. 1. The eight cysteine residues thought to be 
involved in intra- and intersubunit disulfide bonds and that are 
conserved in all other members of the VEGF family are also 
conserved in human VEGF-D. When gaps introduced into the 
amino acid sequences for the purposes of alignment are 
ignored for calculations, human VEGF-D is 48% identical to 
human VEGF-C, 31% identical to human VEGF 165 , 28% 
identical to human VEGF-B167, and 32% identical to human 
P1GF. VEGF-D contains a VEGF homology domain (residues 
101-196) that is related in sequence to all other VEGF family 
members. In this region, the amino acid sequences of VEGF-D 
and VEGF-C are 61% identical. As with VEGF-C, VEGF-D 
has long N- and C-terminal extensions in comparison to the 
other family members. These extensions in VEGF-D are 
related in sequence to those in VEGF-C; the N-terminal 
extensions exhibit 25% amino acid identity and the C-terminal 
extensions exhibit 37% identity. Human VEGF-D has three 
potential N-linked glycosylation sites. The positions and se- 
quences of two of these sites (residues 155-157 and 185-187 of 
human VEGF-D) are conserved in human VEGF-C (Fig. 1). 
The amino acid sequence of human VEGF-D has a highly 
hydrophobic region at the N terminus that is typical of a signal 
sequence for protein secretion. The C-terminal 135-amino acid 
region of human VEGF-D is rich in cysteine residues. Many of 
these cysteine residues are located such that they resemble the 
spacing of the repeat units (CX10CXCXC), which are found in 
the Balbiani ring 3 protein (Fig. 1), a major cysteine-rich 
protein synthesized in the larval salivary glands of the midge 
Chironomus tentans (24). Such repeats are also found in the 
C-terminal region of VEGF-C (12, 15). 

Distribution of VEGF-D mRNA in Adult Human Tissues. 
Northern blot analysis revealed that in most of the human 
tissues where VEGF-D mRNA was detected, the size of the 
transcript was 2.3 kb (Fig. 2). The only exception was skeletal 
muscle where an additional less-abundant transcript of 2.8 kb 



Proc. Natl Acad. ScL USA 95 (1998) 

//////// 



t t I I ■■ 1 ■ I .11111111 




Fig. 2. Northern blot analyses for detection of VEGF-D mRNA in 
polyadenylated RNA from human tissues. (Upper) Results of hybrid- 
izations with a human VEGF-D cDNA probe. (Lower) Results with a 
j3-actin cDNA probe after VEGF-D probe had been stripped from the 
filters. The sizes of RNA molecular size markers, in kb, for the 
VEGF-D hybridizations are shown to the left. Tissues used as sources 
of RNA are indicated. SK. MUSCLE, skeletal muscle; S. INTESTINE, 
small intestine (mucosal lining). 

was detected. VEGF-D mRNA was most abundant in heart, 
lung, skeletal muscle, colon, and small intestine. 

VEGF-D Is a Ligand for VEGFR-2. It has been shown previously 
that the biosynthesis of VEGF-C, the protein most closely related 
in primary structure to VEGF-D, involves proteolytic cleavage 
that gives rise to a truncated mature form of VEGF-C that binds 
to VEGFR-2 and VEGFR-3 (16). The mature form contains the 
region of VEGF-C that is homologous to all other members of the 
VEGF family — the VEGF homology domain. The two sites of 
proteolytic cleavage involved in generation of mature VEGF-C 
(16) are shown in Fig. 1. Our preliminary immunoprecipitation 
analyses of VEGF-D biosynthesis suggested that VEGF-D is 
processed in a similar fashion to VEGF-C (data not shown). To 
test whether a derivative of VEGF-D corresponding to mature 
VEGF-C is a ligand for VEGFR-2, a portion of human VEGF-D 
from amino acid residues 93 to 201 that contained the VEGF 
homology domain (Fig. 1) was tagged at the N terminus with the 
FLAG octapeptide and expressed transiently in COS cells. This 
FLAG-tagged derivative was designated VEGF-DANAC. Subse- 
quently, VEGF-DANAC was enriched by M2 (anti-FLAG) affin- 
ity chromatography. VEGF-DANAC from the enrichment was 
analyzed by Western blotting and silver staining (Fig. 3^), which 
revealed that under reducing conditions VEGF-DANAC exists as 
a species of —22 kDa. This is consistent with the predicted 
molecular weight for this internal fragment of VEGF-D (M T , 
12,800) plus N-linked glycosylation (VEGF-DANAC contains two 
potential N-linked glycosylation sites). Under nonreducing condi- 
tions, VEGF-DANAC existed as a species of -25 kDa (data not 
shown). Cross-linking studies have subsequently demonstrated 
that a proportion of the VEGF-DANAC secreted by mammalian 
cells in culture is in the form of a noncovalent dimer (unpublished 
results). 

VEGF-DANAC was tested in a bioassay to assess binding of 
ligands to the extracellular domain of mouse VEGFR-2. The 
VEGFR-2 bioassay involved the use of a cell line expressing a 
chimeric receptor consisting of the extracellular ligand-binding 
domain of mouse VEGFR-2 and the transmembrane and cyto- 
plasmic domains of the EpoR. The chimeric receptor had been 
transfected into the Ba/F3 cell line, a line that is IL-3-dependent, 
When another receptor capable of delivering a growth stimulus is 
transfected into Ba/F3 cells, the cells can be rescued in the absence 
of IL-3 by the specific growth factor that activates that receptor. 
The expression of the VEGFR-2/EpoR chimeric receptor in 
Ba/F3 cells means that when a ligand binds to the extracellular 
domain of VEGFR-2, signaling from the cytoplasmic domain of 
the EpoR will result, causing the cells to survive and proliferate in 
the absence of IL-3 (27). 
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Fig. 3. Analysis of VEGF-DANAC by silver staining, Western 
blotting, and a bioassay to assess binding to VEGFR-2. (A) Silver stain 
{Left) and Western blot analysis (Right) of VEGF-DANAC arising 
from affinity purification (fraction 3). Samples analyzed by silver 
staining were the fraction containing VEGF-DANAC (+) and a 
control fraction arising from affinity chromatography of the condi- 
tioned medium from cells transfected with expression vector lacking 
VEGF-D coding sequences (-). Western blot analysis was carried out 
by using the fraction containing VEGF-DANAC with mAb M2 or a 
control isotype- matched antibody (Neg). Molecular mass markers 
(kDa) are indicated. (B) Analysis of VEGF-DANAC using the 
VEGFR-2 bioassay to assess binding to the extracellular domain of 
VEGFR-2. Bioassay cells (10 4 cells) were washed to remove IL-3 and 
incubated with the recombinant VEGF-DANAC in fraction 3 from the 
M2 affinity chromatography (VEGF-DANAC). The negative controls 
were cell culture medium without added growth factor (Medium 
Alone) and fraction 3 from affinity chromatography of the condi- 
tioned medium from cells transfected with expression vector lacking 
VEGF-D coding sequences (Vector). The positive control was a series 
of doubling dilutions of mouse VEGFjm from an initial concentration 
of 100 ng/ml (VEGFim). VEGF-DANAC was also tested against 
Ba/F3 cells expressing a chimeric receptor consisting of the extracel- 
lular domain of Tie2 and the transmembrane and cytoplasmic domains 
of EpoR (VEGF-DANAC: Tie2/EpoR). All of the fractions used for 
the assays were tested at an initial concentration of 10% in cell culture 
medium followed by doubling dilutions. The concentration of VEGF- 
DANAC at 10% dilution of fraction 3 was 300 ng/ml. Cells were 
incubated for 48 h, and cell proliferation was then quantitated by the 
addition of [ 3 H] thy uridine and measuring the amount incorporated 
over a 4-h period. Assays were carried out in duplicate and error bars 
denote 1 SD. 

VEGF-DANAC (from fraction 3) was able to induce DNA 
synthesis in the bioassay cell line at a concentration of 50 ng/ml 
(Fig. 3B). In comparison, the corresponding fraction from control 
enrichments of conditioned medium from cells that had been 
transfected with the expression vector pEFBOSSFLAG showed 
no activity, as did the cell culture medium without addition of 
affinity-purified material. The dependence of the response to 
VEGF-DANAC on the extracellular domain of VEGFR-2 was 
demonstrated by the finding that VEGF-DANAC was unable to 
promote DNA synthesis in Ba/F3 cells expressing a chimeric 
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receptor (S.A.S. and A.S. Runting, unpublished results) consist- 
ing of the extracellular domain of mouse Tie2 (29) and the 
cytoplasmic domain of EpoR (Fig. 3B). As expected, mouse 
VEGF164 strongly induced DNA synthesis in the bioassay cells. 
These results clearly demonstrate that VEGF-DANAC can bind 
to the extracellular domain of VEGFR-2. 

VEGF-D Activates VEGFR-2 and VEGFR-3. The ability of 
VEGF-D to induce tyrosine phosphorylation of human 
VEGFR-3 and human VEGFR-2 (KDR) was examined. For 
this purpose, VEGF-DANAC and full-length VEGF-D, both 
with C-terminal histidine tags, were expressed in Baculovirus 
and designated VEGF-DANAC-H 6 and full-length VEGF-D- 
Hf,, respectively. The resulting cell supernatants containing 
these recombinant proteins were used to stimulate either N1H 
3T3 cells expressing human VEGFR-3 (30) or porcine aortic 
endothelial cells expressing human VEGFR-2 (31). After 
stimulation, cells were lysed and VEGFR-3 or VEGFR-2 were 
immunoprecipitated and examined by Western blot analysis 
with phosphotyrosine-specific mAbs. Both VEGF- 
DANAC-H 6 and full-length VEGF-D-H 6 stimulated tyrosine 
phosphorylation of the 125-kDa processed mature form of 
VEGFR-3, and phosphorylation of the 195-kDa unprocessed 
form, stimulated by VEGF-DANAC-H 6 , was also detected 
(Fig. 4A Upper, lanes 3 and 4). Stronger phosphorylation was 
reproducibly generated with cell supernatants containing 
VEGF-DANAC-H 6 than with those containing full-length 
VEGF-D-H6 (results with duplicate supernatants not shown). 
As expected, the positive control supernatant (VEGF- 
CANAC) containing a polypeptide consisting of the region of 
VEGF-C that is related in primary structure to VEGF- 
DANAC strongly induced tyrosine phosphorylation of 
VEGFR-3 (Fig. 4A Upper, lane 1). 

VEGF-DANAC-He also stimulated tyrosine phosphoryla- 
tion of VEGFR-2 (Fig. 4A Lower, lane 3). This finding was 
confirmed by using supernatants from two independent trans- 
fections with the VEGF-DANAC-He plasmid construct (data 
for duplicate supernatant not shown). As expected, positive 
control supernatant containing human VEGF-CANAC in- 
duced phosphorylation of VEGFR-2 (Fig. 4A Lower, lane 1). 
In contrast to the relatively strong phosphorylation induced by 
VEGF-DANAC-He, phosphorylation of VEGFR-2 induced by 
full-length VEGF-D-H 6 was undetectable. 

Purified baculoviral VEGF-DANAC-He was tested in the 
bioassay to assess binding to the extracellular domain of 
VEGFR-2 (assay described above) and was shown to induce 
levels of stimulation similar to those of VEGF-DANAC pro- 
duced in COS cells (data not shown). 

VEGF-D Binds to Soluble VEGFR-2 and VEGFR-3 Extracel- 
lular Domains. To further assess the interactions between 
VEGF-D and VEGFRs, VEGF-DANAC was tested for its ca- 
pacity to bind to soluble Ig fusion proteins containing the 
extracellular domains of human VEGFR-1, human VEGFR-2, 
and human VEGFR-3. The fusion proteins, designated VEGFR- 
1-Ig, VEGFR-2-Ig, and VEGFR-3-Ig, were expressed, coupled to 
protein A-Sepharose, and incubated with metabolically labeled 
human VEGF-DANAC, human VEGF-CANAC, and human 
VEGFies- Labeled proteins that bound to the fusion proteins 
were analyzed by SDS/PAGE (Fig. 4B). A polypeptide of the size 
for VEGF-DANAC (-22 kDa) was precipitated by VEGFR-2-Ig 
and VEGFR-3-Ig from the medium of cells expressing VEGF- 
DANAC. In contrast, no protein of this size was precipitated from 
the same medium by VEGFR-1 -Ig. Essentially the same results 
were observed for precipitation of VEGF-CANAC. As expected, 
a predominant polypeptide of approximately 24 kDa was precip- 
itated by VEGFR-l-Ig and VEGFR-2-Ig from the medium of 
cells expressing VEGF ]6 5 but was not precipitated by VEGFR- 
3-Ig. No labeled polypeptides were precipitated by the three 
fusion proteins from the medium of cells transfected with the 
expression vector lacking sequences encoding VEGFs. These 
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Fig. 4. Activation of the receptor tyrosine kinases VEGFR-3 and VEGFR-2 by VEGF-D and precipitation of VEGF-D by soluble VEGFR-Ig 
fusion proteins. (A) Activation of VEGFR-2 and VEGFR-3 by VEGF-D. Recombinant proteins expressed in Baculovirus were used to stimulate 
NIH 3T3 cells expressing VEGFR-3 or porcine aortic endothelial cells expressing VEGFR-2. After stimulation, cells were lysed and receptors were 
immunoprecipitated with receptor-specific antibodies and analyzed by Western blotting with phosphotyrosine -specific antibodies. (Upper) 
Activation of VEGFR-3 with VEGF-CANAC (lane 1), supernatant from uninfected cells (lane 2), VEGF-DANAC-H 6 (lane 3), and full-length 
VEGF-D-H 6 (lane 4). Arrows denote the positions of the phosphorylated proteolytically processed 125-kDa form and the unprocessed 195-kDa 
form of VEGFR-3. (Lower) Activation of VEGFR-2 with VEGF-CANAC (lane 1), supernatant from uninfected cells (lane 2), VEGF-DANAC-H 6 
(lane 3), and full-length VEGF-D-He (lane 4). The arrow denotes the position of the phosphorylated VEGFR-2. The positions of molecular mass 
markers, in kDa, are shown to the left. (B) Precipitation of VEGF-D by soluble VEGFR-Ig fusion proteins. Precipitation of labeled VEGFi 6 5, 
VEGF-CANAC, and VEGF-DANAC by VEGFR-l-Ig, VEGFR-2-Ig, and VEGFR-3-Ig was carried out The fusion proteins used for the 
precipitations, denoted by the name of the VEGFR involved, are shown to the right. The lane marked Vector denotes results of precipitations from 
medium derived from cells transfected with expression vector lacking sequence encoding VEGFs. 



data indicate that VEGF-DANAC can bind to VEGFR-2 and 
VEGFR-3 but not to VEGFK-1. 

VEGF-D Is Mitogenic for Endothelial Cells. The mitogenic 
capacity of VEGF-DANAC was tested by using BAEs. BAEs were 
exposed to VEGF-DANAC for 3 days, and the cells were then 
dissociated with trypsin and counted. Purified mouse VEGFi^ 
was used as positive control (Fig. 5). Dilution of VEGF-DANAC 
(fraction 3) into the cell culture medium to give a concentration of 
300 ng/ml led to an approximately 2-fold greater increase in the 
number of BAEs after 3 days in comparison to the same dilution 
of a fraction that was affinity-purified from the conditioned culture 
medium of cells transfected with pEFBOSSFLAG. Clearly, 
VEGF-DANAC is mitogenic for BAEs but is approximately 5-fold 
less potent than VEGFi64 (Fig. 5). 

DISCUSSION 

The complexity of endothelial cell development indicates that 
its regulation must involve many growth- and tissue-specific 
differentiation factors that can bind and activate endothelial 
cell receptors. Therefore, we carried out computer searches of 
the nucleic acid databases that led to identification of 
VEGF-D. The fact that VEGF-D is most closely related to 
VEGF-C is apparent for two reasons, (i) The VEGF homology 
domain of VEGF-D is much more closely related to that found 
in VEGF-C than to those of the other family members, (ii) 
Only VEGF-C has long N- and C-terminal extensions as does 
VEGF-D. The presence of these extensions in VEGF-C and 
VEGF-D defines a subfamily of the VEGFs. 

The similarity between VEGF-D and VEGF-C exists also at 
the functional level, because receptor-binding studies reported 
herein demonstrated that VEGF-D exhibits receptor specificities 
similar to those of VEGF-C. It has been shown previously that the 
biosynthesis of VEGF-C involves proteolytic processing, similar 



to that proposed for platelet-derived growth factor BB (33), which 
generates a mature polypeptide consisting of the VEGF homol- 
ogy domain (16). The mature VEGF-C polypeptide can bind and 
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Fig. 5. Mitogenic effect of VEGF-DANAC on BAEs. BAEs were 
treated with VEGF-DANAC arising from affinity chromatography or 
a negative control fraction from affinity chromatography of the 
conditioned medium from cells transfected with expression vector 
lacking VEGF-D coding sequences. The fraction containing VEGF- 
DANAC was diluted in cell culture medium containing 5% fetal bovine 
serum to give the concentrations of growth factor shown. The VEGF- 
DANAC concentration of 300 ng/ml was achieved by a 1:10 dilution. 
The positive control was HPLC-purified mouse VEGF1&4 in cell 
culture medium at the concentrations shown. Dotted line A indicates 
the response to a 1:10 dilution of the negative control fraction. Dotted 
line B indicates the response of the cells to the cell culture medium 
alone. BAEs were seeded at a density of 10 4 cells per well for all assays. 
The results are expressed as the mean ± 1 SD. 
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activate both VEGFR-2 and VEGFR-3. Our preliminary immu- 
noprecipitation studies of VEGF-D biosynthesis suggested that 
this protein is processed in a fashion similar to that of VEGF-C. 
On the basis of this information, we have expressed the region of 
VEGF-D, corresponding to fully processed VEGF-C, and have 
shown that this polypeptide (VEGF-DANAC) binds to the ex- 
tracellular domains of VEGFR-2 and VEGFR-3 and induces 
tyrosine phosphorylation of these receptors. VEGF-DANAC 
does not bind to the extracellular domain of VEGFR-1, as is the 
case for VEGF-CANAC. 

Because the receptor-binding specificities of VEGF-D and 
VEGF-C are similar, an understanding of the biological function 
of VEGF-C may provide insight into the role played by VEGF-D. 
It has previously been suggested that VEGF-C may act in a 
paracrine fashion to regulate angiogenesis of the lymphatic 
vasculature (14), because VEGFR-3 is strongly expressed by 
lymphatic endothelium (13). Consistent with this hypothesis was 
the finding that transgenic mice in which VEGF-C cDNA was 
expressed in skin exhibited lymphatic endothelial proliferation 
and vessel enlargement immediately under the skin (34). Given 
that VEGF-D can also activate VEGFR-3, it is possible that 
VEGF-D could be involved in the regulation of the growth 
and/or differentiation of lymphatic endothelium. Because ap- 
proaches for studying lymphatic endothelium in vitro are ex- 
tremely limited, it will be important to develop animal models for 
VEGF-D to study its biological function. 

VEGFR-2 (35) and VEGFR-3 (13) are widely expressed 
during early embryonic development in endothelial cells. Later, 
in the fetus, VEGFR-3 becomes largely confined to lymphatic 
endothelial cells (13), whereas VEGFR-2 is expressed in vascular 
endothelial cells (35). Because the mature forms of both VEGF-C 
and VEGF-D can activate both of these receptors, VEGF-C and 
VEGF-D could play roles in coordinating the development of 
vascular and lymphatic endothelia. It is conceivable that- expres- 
sion of VEGF-C or VEGF-D at a particular site in an embryo 
could serve to attract the growth of both vascular and lymphatic 
endothelia, whereas expression of VEGF, a protein that activates 
VEGFR-2 but not VEGFR-3 (15, 35), would only attract the 
growth of vascular endothelium. Thus, changes in the levels of 
expression of the genes for VEGF family members could serve to 
modulate the abundance of different types of vessels in tissue. 

The expression of the gene for mouse VEGF-D is induced by 
the transcription factor c-fos (18). Continuous expression of c-fos 
under the control of ubiquitous promoters in transgenic mice 
induced formation of osteosarcomas (36) and tumors generated 
from c-/o5-deficient cells failed to undergo malignant progression 
(37). Such experiments have indicated an essential role for o-fos in 
malignant tumor progression. It will be important to determine 
whether high levels of VEGF-D gene expression occur in tumors 
that overexpress c-fos and whether or not VEGF-D can thereby 
contribute to the malignant tumor phenotype by promoting vas- 
cular and/or lymphatic angiogenesis. 

Previously, little was known about the molecules that reg- 
ulate endothelial cell development, although the importance of 
VEGF in blood vessel formation in the early embryo had been 
well established (5, 6). The recent discoveries of additional 
members of the VEGF family, namely, VEGF-B (11), 
VEGF-C (12, 15), and VEGF-D, have brought to light three 
more proteins involved in development of the endothelium. 
The current challenge is to delineate the specific functions of 
the VEGF family members in blood vessel growth during 
embryonic development and disease progression in adults. 
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